Abstract. Renal cell carcinoma (RCC) is a common urological malignancy. It remains unclear, however, whether Yin Yang 1 (YY1) plays a functional role in the development of human RCC. In the present study, we demonstrated that levels of YY1 were significantly increased in primary RCC tissues when compared to these levels in the matched healthy tissues. YY1 knockdown inhibited cell growth, migration and invasion of RCC cells. Additionally, we highlighted a positive feedbackloop pathway resulting in YY1 upregulation. We observed that overexpression of YY1 caused repression of C/EBPα and the inhibition of C/EBPα led to the suppression of miR-34a. Since YY1 is a direct target of miR-34a, the low level of miR-34a increased the expression of YY1, promoting the aggressiveness of RCC cells. Furthermore, this feedforward mechanism was found in RCC tissues. We observed that miR-34a was downregulated in the pools of cancer tissues when compared to that of the normal tissues. The expression of miR-34a displayed an inverse correlation with YY1, but a positive correlation with C/EBPα. In conclusion, our study highlights the importance of a novel regulatory circuitry for YY1 activation in maintaining the aggressive phenotypes of RCC.
Introduction
Renal cell carcinoma (RCC) is the most lethal of all urological malignancies, accounting for ~2% of cancers worldwide (1) . In the US, there are ~65,000 new cases of kidney cancer along with 13,500 deaths each year, with the majority of these cases being related to RCC (2) . Over the last four decades, the incidence of RCC has steadily increased (3) . RCC shows less response to chemotherapy than other urological cancers (4) . Surgical resection for clinically localized disease remains the mainstay for curative intervention. However, the aggressive and often insidious nature of RCC is reflected by recurrence rates of 20-40% after nephrectomy for clinically localized disease (5, 6) . Thus, there is an urgent need to develop novel therapeutic approaches for RCC. To achieve this, a deeper understanding of the molecular and genetic networks that control the initiation and progression of RCC is imperative.
Yin Yang 1 (YY1) is a ubiquitous and multifunctional zinc-finger transcription factor member of the Polycomb group protein family, a group of homeobox gene receptors that play critical roles in normal biological processes such as embryogenesis, differentiation, replication and cellular proliferation (7) . YY1 exerts its effects on genes involved in these processes via its ability to initiate, activate, or repress transcription depending upon the context in which it binds. There are several types of YY1-related diseases, such as viral infection and cancers. YY1 itself was found to be upregulated in many cancer types, including lymphoma, breast, prostate, colon, ovarian, cervical, and brain cancers and leukemia (8) . Moreover, in many human cancer types, YY1 expression levels were found to be significantly elevated in the metastatic tumor compared to its primary counterpart, supporting the potential role of YY1 in cancer development. It was shown that YY1 may regulate by both oncogenes and tumor-suppressor genes through different mechanisms depending on the tissue context (9) (10) (11) (12) , suggesting the dual potential of YY1 as tumor suppressor or oncogene in malignant cells. However, the role of YY1 in the development of RCC is not fully understood. microRNAs (miRNAs) are a class of single-stranded, highly conserved non-coding RNAs of 18-24 nucleotides that regulate gene expression by messenger RNA (mRNA) degradation or translational repression (13) . To date, more than 17,000 miRNAs in over 153 species have been identified (miRBase Sequence Database -release 17; www.miRbase.org), of which ~1,400 are found in humans. Most miRs are evolutionarily conserved and are often found in clusters (14) . Recent studies have highlighted the role of miR-34a as a tumor suppressor in a number of tumor types including prostate cancer, hepatocellular carcinoma, (15) (16) (17) (18) (19) . Functionally miR-34a was found to affect tumor cell proliferation, apoptosis, senescence, invasion, metastasis and drug resistance (19) (20) (21) (22) (23) .
YY1-C/EBPα
In the present study, we found that expression of YY1 was upregulated in RCC samples when compared to its primary counterpart. We also demonstrated that silencing of YY1 reduced cell growth and invasion of RCC cells, supporting its oncogenic role in the development of RCC. Furthermore, we confirmed that YY1 is a target of miR-34a. The elevated expression of YY1 represses CCAAT/enhancer-binding protein α (C/EBPα), which leads to further inhibiton of miR-34a. This positive feedback loop promotes YY1 activity, which contributes to the development of RCC.
Materials and methods
Tissue samples. The paired tissue samples from primary tumor and adjacent non-tumor sites were obtained from 14 RCC patients during surgery prior to any therapeutic intervention at the Shanghai Tenth People's Hospital, Tongji University. All of the samples were subsequently verified by histology. Informed written consent was provided by all of the patients. The study protocol was approved by the Ethics Committee of Shanghai Tenth People's Hospital. To identify the differential expression of miR-34a, YY1 and C/EBPα in tumor specimens versus adjacent non-tumor renal tissue, we pooled these samples in two subsets. Pool 1 contained 14 primary tumor samples. Pool 2 was generated from the matched 14 normal renal tissue samples.
Cell lines and cell culture. RCC cell lines, 786-0 and ACHN, were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 µg/ml streptomycin. All cells were maintained in 5% CO 2 atmosphere at 37˚C.
Transfections. Cells were transfected with 50 nM miR-34a mimics and inhibitors (GenePharma Co., Ltd., Shanghai China), YY1-siRNA (Sigma-Aldrich Co., LLC, St. Louis, MO, USA), YY1 and C/EBPα plasmids (Genechem Co., Ltd., Shanghai, China) using Lipofectamine 2000 (Invitrogen Corp., Carlsbad, CA, USA), respectively. RNA and proteins were harvested 48 h after transfection.
Quantitative RT-PCR. Total RNA was extracted from the tissues or cultured cells following the indicated treatment using TRIzol (Invitrogen Corp.) method. qRT-PCR or Stemloop PCR (24) was performed using the SYBR Green PCR kit (Takara Biotechnology Co., Ltd., Dalian, China), Real-time PCR data for mRNA (YY1, C/EBPα) and miRNA (miR34a) are expressed relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or U6, respectively. The primers used were described as follows: YY1 forward, 5'-CCT GGC ATT GAC CTC TCA GAT CCA-3' and reverse, 5'-GGG CAA GCT ATT GTT CTT GGA GCA-3'; C/EBPα forward, 5'-AAC ATC GCG GTG CGC AAG AG-3' and reverse, 5'-TTC GCG GCT CAG CTG TTC CA-3'. The stem-loop miR-34a RT primer was 5'-CTC AAC TGG TGT CGT GGA GTC GGC AAT TCA GTT GAG ACA ACC AG-3'; miR-34a forward, 5'-ACA CTC CAG CTG GGT GGC AGT GTC TTA GCT GG-3' and reverse, 5'-TGG TGT CGT GGA GTC G-3'. All reactions were performed in triplicate. The relative expression levels of target genes or miRNA were calculated using the 2 -∆∆Ct method (25) .
Luciferase reporter assay. The wild-type YY1-3'UTR region, generated by PCR amplification, was cloned into the pcheck-2 luciferase reporter plasmid (Promega, Madison, WI, USA). Specific primers were designed for this system. The forward primer (5'-CCA CTC GAG GCA TCT TCC AGA AGT GTG AT-3') was Xhol-site-linked and the reverse primer Notlsite-linked (5'-CCA GCG GCC GCC ATT CTA CAA CTG AGC ACC AC-3'). Mutation of the miR-34a binding site was generated by a PCR-based site-directed mutagenesis method, using wild-type YY1-3'UTR reporter plasmid as the template. For the reporter assay, ACHN cells were plated onto 24-well plates and transfected with wild-type or mutant YY1-3'UTR reporter plasmid and miR-34a mimics or inhibitors using Lipofectamine 2000. After transfection for 48 h, cells were harvested and assayed with the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The tests were repeated in triplicate. Firefly luciferase activity was normalized to Renilla luciferase activity.
Western blotting. Proteins were resolved on an SDS/PAGE gel (10% gel) and subjected to immunoblot analysis using monoclonal antibodies against YY1, C/EBPα or GAPDH (Epitomics, Burlingame, CA, USA). All of the antibodies were used at working concentration (1:1000) in PBS-T with 5% non-fat milk. The membrane was further probed with HRP (horseradish peroxidase)-conjugated rabbit anti-(mouse IgG) (1:2000 dilution; Santa Cruz Biotechnology), and the protein bands were visualized using enhanced chemiluminescence (Amersham Pharmacia).
Migration and invasion assay. To measure the cell migration activity, Transwell assays were performed using Corning 8.0-µm Transwell ® cell culture inserts (Corning Inc., Corning, NY, USA). Membranes were coated with purified fibronectin (Sigma) at a concentration of 10 µg/ml. For assessment of invasion, 1:10 diluted Matrigel-coated Transwell inserts (BD Biosciences, San Jose, CA, USA) were used. After transfection with either siRNA or expression vectors in opti-MEM medium for 5 h, cells were collected and resuspended in serum-free DMEM medium containing 0.1% bovine serum albumin (BSA). Subsequently, cells (4x10 5 /ml) were seeded in Transwell chambers. After 24 h of incubation, the cells on the upper surface of the filter were completely wiped away with a cotton swab. The cells on the lower surfaces of the membrane were fixed with 100% methanol, and counted under a microscope.
Cell proliferation assay. Cells were seeded into 96-well plates at an initial density of 1x10 5 cells/well. MTT solution (200 µl) (5 mg/ml, Alfa Aesar) was added to each well and incubated for 5 h at 37˚C. The supernatant was then discarded, and 100 µl of dimethyl sulfoxide (DMSO, Sigma) was added to each well to dissolve the precipitate. After 30 min at room temperature, the plates were scanned spectrophoto metrically with a microplate reader (Beckman Coulter) set at 595 nm to measure the absorbance.
Statistical analysis. Statistical evaluations were conducted using the t-test. P-values <0.05 were considered to be statistically significant.
Results

Silencing of YY1 inhibits RCC cell growth, migration and invasion.
To confirm the tumor promotion effect of YY1 in RCC, we evaluated the impact of YY1 on the growth of RCC cell lines, 786-0 and ACHN. The growth curve of the RCC cell lines transfected with si-YY control siRNA is shown in Fig. 1A . The cell growth was significantly decreased in the si-YY1-transfected 786-0 and ACHN cells as compared with the control siRNA-transfected cells (P<0.05). To evaluated the impact of YY1 on cell migration and invasion, Transwell and Matrigel invasion assays were employed. We found that YY1 knockdown inhibited 786-0 and ACHN cell migration (Fig. 1B) . Consistent with this finding, the Matrigel invasion assay showed that YY1 knockdown significantly inhibited the invasive capacity of RCC cells (Fig. 1C) . These observations suggest that YY1 plays an important role in promoting cell growth, migration and invasive potential of RCC cells.
YY1 is a direct target of miR-34a.
To associate miRNAs with the regulation of YY1 expression, a bioinformatics search was performed for potential miRNAs targeting the mRNA of YY1 by using the public database Targetscan (www.targetscan. org). Noteworthy, there were several predicated miRNAs to target YY1, including miR-34a. miR-34a was reported to play a tumor-suppressive role in a number of tumor types (15) (16) (17) (18) (19) . We then performed a luciferase reporter assay to verify that miR-34a directly targets YY1. We found that co-transfection of miR-34a mimics and wild-type YY1-3'UTR significantly decreased the luciferase activity in ACHN cells as compared with the control. However, miR-34a mimics had no effect on the luciferase activity when co-transfected with mutant YY1-3'UTR (Fig. 2B ). These data demonstrate a specific inhibitory effect of miR-34a on the 3'UTR of YY1 through direct interaction. Furthermore, to examine the potential negative regulatory effect of miR-34a on endogenous YY1, we transfected miR-34a mimics, miR-34a inhibitors or control mimics into ACHN cells. In comparison with the miR control, we found the miR-34a exerted a discernible inhibitory effect on the YY1 protein level, while an increased protein level of YY1 was found in ACHN cells following transfection with miR-34a inhibitors (Fig. 2C) . These data showed that YY1 is one of the direct targets of miR-34a.
Ectopic expression of miR-34a decreases the YY1-induced invasive or proliferative capacity of RCC cells in vitro.
We next determined whether or not miR-34a overexpression impairs the oncogenic effect of YY1 on cell growth, migration or invasion of RCC cells. We transfected YY1 overexpression plasmids alone, or co-transfected YY1 plasmids and miR-34a mimics into ACHN cells. Notably, exogenous YY1 expression in ACHN cells promoted the migratory, invasive or proliferative potential of ACHN cells (Fig. 2D-F) . Furthermore, constitutively expressed miR-34a rescued the previously aggressive phenotype in ACHN cells initiated by YY1 (Fig. 2D-F) , suggesting that YY1 is indeed a functional target of miR-34a.
YY1 modulates miR-34a expression via C/EBPα in human RCC.
Since YY1 downregulates C/EBPα expression through a promoter-dependent manner in HCC cells (26) and C/EBPα leads to upregulation of miR-34a expression during granulocytic differentiation (27) , we aimed to ascertain whether or not YY1 regulates miR-34a expression via C/EBPα in human RCC. We observed that miR-34a was downregulated in the pools of cancer tissues when compared to that of the normal tissues. Moreover, miR-34a displayed an inverse correlation with YY1, but a positive correlation with C/EBPα (Fig. 3A  and B ), suggesting that a low level of miR-34a may contribute to the upregulation of YY1 or the elevated expression of YY1 in turn inhibits miR-34a via C/EBPα suppression. We then revealed that YY1 siRNA was able to induce the expression of C/EBPα both at the mRNA and protein levels in ACHN cells (Fig. 3C and D) . We also found that either C/EBPα overexpression or YY1 knockdown alone in ACHN cells increased miR-34a expression. However, when C/EBPα siRNA was transfected into ACHN cells, the upregulation of miR-34a by si-YY1 was abrogated (Fig. 3E) . These data indicate that YY1, C/EBPα and miR-34a collaborate to form feedforward loops, which contributes to RCC progression (Fig. 4) .
Discussion
In the cancer-associated miRNAs identified to date, miR-34a has emerged as a robust tumor suppressor with diverse targets in multiple types of cancers (15) (16) (17) (18) (19) . However, the effect of miR-34a and its molecular target in RCC are still largely unknown. Herein, we report that YY1 is a novel target of miR-34a. We also found that miR34a was downregulated in RCC tissues. Furthermore, overexpression of miR-34a impaired the oncogenic effect of YY1 on cell growth, migration or invasion of RCC cells, suggesting that miR-34a may serve as a potential therapeutic target.
YY1 is a 65-kDa multifunctional zinc-finger transcription factor belonging to the human GLI-Kruppel family of nuclear proteins (28, 29) . It can bind to the specific DNA consensus sequence, 5'-CGCCATNTT-3', which is present in many promoters and regulates transcriptional activity by either activation or repression (28, 29) . Therefore, YY1 plays a complicated role in tumor development, largely depending on tissue context, interaction of partners and downstream targets. It was shown that YY1 plays an oncogenic role by activating oncogenes ERBB2 and VEGF, or inhibiting tumor-suppressor genes p53 and E-cadherin (11, 30, 31) . It was also shown that YY1 is able to suppress tumorigenesis via upregulating tumor suppressor genes such as HLJ1 and BRCA1 or by inhibiting c-myc function by direct interaction (32) (33) (34) .
In this study, we found that YY1 inhibits C/EBPα expression in RCC cells. YY1 siRNA was able to induce the expression of C/EBPα both at the mRNA and protein levels in ACHN cells. Zhang et al found that YY1 suppresses the expression of C/EBPα in a promoter-dependent manner in hepatocellular carcinoma cells (26) . It was reported that YY1 functions as a critical component of epigenetic regulatory networks. It could promote the methylation of its target genes by physically interacting with SUZ12 and recruiting DNA methyltransferases to the promoter of target genes (35) . However, Zhang et al did not find that the downregulation of C/EBPα in HCC cells was due to the methylation of the promoter despite the upregulation of C/EBPα expression in HCC cells after Aza treatment. Instead, the interaction of YY1 with the C/EBPα promoter was suppressed after Aza treatment. Of note, Girard et al demonstrated that RARα-PLZF (a fusion protein in acute promyelocytic leukemia) recruits HDAC1 and causes histone H3 deacetylation at C/EBPα target loci, thereby decreasing the expression of C/EBPα target genes (36) . Therefore, we hypothesized that the inhibitory effect of YY1 on C/EBPα may involve a complex epigenetic network. However, such a hypothesis needs further investigation.
C/EBPα is a basic leucine zipper transcription factor that is expressed in many tissues (37) . C/EBPα plays an important role in normal tissue development, namely, in the regulation of cell proliferation and cell differentiation (38, 39) . Several studies here demonstrated that diverse molecular mechanisms are responsible for C/EBPα inactivation of expression or function in various types of cancers, including liver cancer (26) , leukemia (AML and chronic myelogenous leukemia) (40, 41) and lung cancer (42) . It was also shown that C/EBPα directly regulates miR-34a expression during granulocytic differentiation (27) . Noteworthy, we found that these two tumor suppressors C/EBPα and miR-34a were both downregulated in renal tumor tissues. Ectopic expression of C/EBPα in ACHN cells promoted miR-34a transcription. Furthermore, YY1 knockdown led to the upregulation of miR-34a through restoring C/EBPα expression in ACHN cells.
In conclusion, our study first showed a regulatory circuitry in RCC cells that incorporates protein-coding and miRNA genes. We found that YY1 is upregulated in human RCC tumors with an oncogenic function. miR-34a exerts a tumorsuppressive function in RCC through directly suppressing oncogenic YY1. Furthermore, repression of C/EBPα caused by YY1 leads to a further reduction in miR-34a expression, which forms a YY1-C/EBPα-miR-34a positive feedback loop. Our study highlights the importance of a novel regulatory circuitry in maintaining the proliferative and aggressive phenotypes of RCC, which may serve as a potential therapeutic target for RCC treatment.
